Abstract: A focused library of [4-(2-hydroxyphenyl)thiazol-2-yl]methanones was prepared in a four-step synthesis with the aim to obtain potent inhibitors of type III secretion in Gram-negative bacteria. The compounds are potential bioisosteres of salicylidene acylhydrazides that are a known class of type III secretion inhibitors.
Introduction
Today it is clear that resistant bacteria constitute a threat to human health and development of new antibacterial drugs is critical to extend the successful antibiotic era. Several Gram-negative pathogens including Yersinia spp., Shigella spp., Chlamydia spp., Salmonella spp., Pseudomonas aeruginosa, and enteropathogenic and enterohaemorrhagic Escherichia coli use type III secretion (T3S) of bacterial toxins to evade the human immune system and establish disease [1] . Without T3S the bacteria are essentially harmless and small molecules that inhibit this important protein export machinery therefore have the potential to be developed into novel antibacterial agents [2] [3] [4] . Importantly such molecules would not target bacterial growth in a non-selective manner and thereby spare the endogenous microflora. T3S inhibitors thus disarm the pathogen and allow the host immune system to clear the infection and it is expected that this mode of action will result in reduced pressure for development of resistance. This mode of action is in contrast to current antibiotics that either are bacteriostatic or bacteriocidal without distinction between pathogenic and benign endogenous bacteria.
OPEN ACCESS
Salicylidene acylhydrazides ( Figure 1a ) constitute a class of compounds that blocks T3S in Y. pseudotuberculosis, Shigella flexneri, enterohaemorrhagic E. coli, Chlamydia spp., and Salmonella spp. [5] [6] [7] [8] [9] [10] [11] [12] [13] . Their activity against multiple species indicates that T3S inhibitors potentially can be developed into novel antibacterial drugs. Activity in vivo has been demonstrated [11, 14] and in a recent study quantitative structure-activity relationship models indicated that the pK a of the salicylic aldehyde phenol part and atomic partial charges of the aromatic carbon atoms of the salicylic phenyl ring are important for T3S inhibition in Y. pseudotuberculosis [15] . Salicylidene acylhydrazides can chelate iron and it cannot be excluded that this property influences the observed T3S inhibition [9] . However, the salicylidene acylhydrazide T3S inhibitors generally suffer from some drawbacks including acid sensitivity, limited solubility and modest potency. One strategy to reduce the acid sensitivity and possibly increase the potency of the compounds is to replace the methylidenehydrazide part ( Figure 1b ) with another functional group. In a recent article 2-(2-aminopyrimidine)-2,2-difluoroethanols were prepared in a scaffold hopping approach to obtain possible bioisosteres [16] . This paper describes the synthesis of a library of [4-(2-hydroxyphenyl)thiazol-2-yl]methanones and the biological evaluation of this library in whole-cell Y. pseudotuberculosis assays. 
Results and Discussion
Through commercial sources, building blocks that could mimic the methylidene hydrazide part and allow introduction of the acyl and phenol moieties were sought. A thiazole (Figure 1c ) was identified as a plausible replacement of the three-atom linker of the central fragment. Interestingly, such substituted thiazoles (Figure 1d ) display high structural similarity to the partially reduced thiazole skeleton in the natural product yersinabactin that is an iron chelating siderophore produced by several microorganisms, including Yersinia spp. [17] .
The thiazole compounds could be synthesized in four steps, using well-established reactions. The different building blocks and substituent patterns were selected based on structural information available for active salicylidene acylhydrazides [5, 15] . Suzuki coupling under standard conditions between commercially available 4-bromothiazol-2-yl carboxaldehyde and four different boronic acids gave biaryl compounds 1a-d in moderate (57-67%) yields (Scheme 1). Further functionalization of the molecular backbone was performed by addition of aryl Grignard reagents to the aldehyde moiety of 1a-d to furnish alcohols 2a-i (Scheme 1) in good yields (67-89%), with the exception of 2c and 2f that were isolated in about 40% yield. This was followed by oxidation with Dess-Martin periodinane to give ketones 3a-i (Scheme 1) in good to excellent yields (52-100%). The oxidation-sensitive thiophenyl derivative 3h could however only be isolated in 27% yield. Demethylation of 3a-i with BBr 3 furnished the salicylidene acylhydrazide mimics 4a-i in low or moderate yields (typically less than 40%; Scheme 1). Ketone 3i gave only 4i under these conditions, while the fully deprotected analogue 4j was obtained using an alternative procedure employing dodecylthiolate in 1-methylpyrrolidin-2-one [18] . Substrate 3c was deprotected using cerium(III) ammonium nitrate followed by Na 2 S 2 O 3 in an attempt to avoid supposed substrate decomposition under the harsh reaction conditions associated with the other two methods, resulting in the hydroquinone 4c in an acceptable yield (41%). The low yields in the last step could at least in part be explained by isolation problems. Considerable loss of material was experienced following purification by both reversed and normal phase chromatography. Nevertheless, enough material of each analog was produced for biological testing. Purity of the compounds was assessed using HPLC and 1 H-NMR and determined to be at least 90% for the intermediates (1a-d, 2a-i, and 3a-i) and at least 95% for the final products (4a-j).
All target compounds 4a-j and intermediates 2a-i and 3a-i were tested for their ability to selectively inhibit T3S using a luciferase reporter-gene assay and an assay monitoring phosphatase activity of the secreted effector protein YopH as described previously [19] . None of the compounds showed inhibitory activity in the reporter-gene assay higher than the previously set threshold of 40% at 50 μM concentration and the YopH assay confirmed lack of activity [19] . 
Experimental

General Chemistry
Chemicals were purchased from Sigma/Aldrich Chemical Co. and used as received unless stated otherwise. All experiments were conducted under a nitrogen atmosphere, in dried glassware, using anhydrous solvents unless stated otherwise. Microwave-heated reactions were performed at a fixed temperature using variable power in Emrys TM process vials (5 mL) using a SmithCreator TM microwave instrument from Biotage. Reagent grade dichloromethane and THF were distilled from CaH 2 and molten potassium, respectively. Light petroleum (b.p. 40-60 ºC) is referred to as petrol. Low-resolution mass-spectra were recorded on a Waters Micromass ZG 2000 instrument with an electro spray ion source (ES+ and ES−) and using an XTerra® MS C 18 5 μm particle size, 4.6 × 50 mm column and a water/acetonitrile/0.2% formic acid eluent system. High-resolution mass-spectra were recorded on a Waters Micromass GCT instrument with an electron impact ion source (EI+), direct inlet (20- (20 mL) and the resulting suspension stirred at r.t. for 5 min. The relevant boronic acid (5.59 mmol) was added and the resulting mixture refluxed for 30 min. After cooling to ambient temperature brine (10 mL) was added to the mixture, the layers were separated, and the aqueous layer was extracted with ethyl acetate (3 × 10 mL). The combined organic layers were dried (Na 2 SO 4 ) and concentrated, and the residue was purified by silica gel chromatography (1:9 ethyl acetate-heptanes) to give the aldehydes 1a-d. 
4-(5-Bromo-2-methoxyphenyl)thiazole-2-carboxaldehyde (1a
General procedure for Grignard addition
The appropriate aldehyde (1.00 mmol) was dissolved in THF (20 mL) and cooled to 0 ºC. Arylmagnesium bromide (1-2 M solution in THF; 1.50 mmol) was added dropwise over the course of 5 min. The resulting mixture was stirred for 3 h, followed by further addition of arylmagnesium bromide (1-2 M solution in THF; 0.500 mmol). After stirring for another 3 h, the mixture was allowed to warm to r.t. over the course of 14 h. The reaction was quenched by addition of water (20 mL) and concentrated acetic acid (until pH ≈ 5), the resulting mixture stirred for 10 min, then extracted with ethyl acetate (3 × 20 mL). The combined organic layers were dried (Na 2 SO 4 ) and concentrated and the residue was purified by silica gel chromatography (1:9 ethyl acetate-heptanes) to give the alcohols 2a-i. 
[4-(5-Bromo-2-methoxyphenyl)thiazol-2-yl](phenyl)methanol (2a
General procedure for oxidation of secondary alcohols with Dess-Martin periodinane
The relevant alcohol (0.550 mmol) was dissolved in dichloromethane (2.5 mL) and Dess-Martin periodinane (15% solution in dichloromethane; 2.39 mL, 1.10 mmol) was added in one portion. The resulting solution was stirred at r.t. for 6 h, followed by addition of 1 M aqueous NaOH (4 mL). After stirring the resulting biphasic mixture for 5 min., diethyl ether was added (30 mL), the phases separated and the aqueous layer extracted with diethyl ether (2 × 10 mL). The combined organic layers were dried (Na 2 SO 4 ) and concentrated, and the resulting crude residue filtered through a short plug of silica gel (eluting with 1:19 ethyl acetate-heptanes) to give the ketones 3a-i. ). The appropriate ketone (0.086 mmol) was suspended in dichloromethane (2 mL) and cooled to -78 ºC. Neat BBr 3 (41 μL, 0.44 mmol) was added dropwise via microsyringe, whereupon the mixture turned black. The mixture was stirred at this temperature for 2 h and then allowed to gradually warm to r.t. over the course of 22 h. After cooling to -78 ºC, the reaction was quenched by careful addition of methanol (1 mL), saturated aqueous NaHCO 3 (1 mL) and water (5 mL), followed by warming to ambient temperature. The mixture was extracted with ethyl acetate (3 × 10 mL), the combined organic layers dried (Na 2 SO 4 ) and concentrated, and the resulting residue filtered through a short plug of silica gel (eluting with 1:3 ethyl acetate-heptanes) to give a crude product which was typically further purified by preparative HPLC and recrystallization from ethanol to yield the phenols 4a, 4b and 4d-i. 
[4-(5-Bromo-2-methoxyphenyl)thiazol-2-yl](phenyl)methanone (3a
[4-(2,5-Dimethoxyphenyl)thiazol-2-yl](phenyl)methanone (3c
[4-(5-Bromo-2-hydroxyphenyl)thiazol-2-yl](phenyl)methanone (4a
Conclusions
In conclusion, we have synthesized a focused library of ten [4-(2-hydroxyphenyl)thiazol-2-yl]methanones according to a four-step procedure starting from 4-bromothiazol-2-ylcarboxaldehyde. The Suzuki coupling, addition of aryl Grignards, and the oxidation generally proceeded in modest to excellent yields. The final demethylation proved to be sluggish, but still produced enough material for characterization and biological evaluation. The target compounds were isolated in 2.2-24.4% total yields. None of the compounds were active as putative T3S inhibitors in whole-cell bacterial assays. The target protein has not been determined for the salicylidene acylhydrazides and all assays are therefore cell-based. This means that [4-(2-hydroxyphenyl)thiazol-2-yl]methanones that actually interact with the same target as the salicylidene acylhydrazides still do not turn up as an active due to other factors such as lack of permeability or rapid metabolism. In addition it cannot be excluded that the salicylidene acylhydrazides target more than one protein critical for T3S function and optimization of binding to more than one target by replacement of the central scaffold is likely to be challenging. Even if binding to one target is maintained or even improved, binding to other targets might be lost with lack of activity as overall result. Another explanation is that the thiazole scaffold does not properly mimic biophysical properties and the bioactive conformation of the salicylidene acylhydrazides. The compounds in the focused library are all novel and little information is published on related structures. A SciFinder search on the general functionalized thiazole structure shown in Figure 1d (performed 02-07-2010) resulted in ten substances in a total of three patents and one publication [20] [21] [22] [23] . In addition, replacement of the salicylidene acylhydrazide scaffold with a mimic is of importance since the compound class has delivered biologically active molecules in a number of human and microbial systems as exemplified by several recent publications [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
